Animal muscles must maintain their function and structure while bearing substantial mechanical loads. How muscles withstand persistent mechanical strain is presently not well understood. Understanding the mechanisms by which tissues maintain their complex architecture is a key goal of cell biology. This dataset represents a systematic screen through the Drosophila melanogaster cytoskeleton to identify genes that are required to maintain tissue, specifically muscle, architecture. Using RNA interference (RNAi), we knocked down 238 genes in Drosophila and assayed for climbing ability with a robust behavioural assay. Here we present the summary of the screen and provide the complete results of the assays. We have uncovered a number of novel hits that would reward further study. The data are easy to use: the raw data are provided to allow researchers to perform their own analysis and analysed results are given indicating whether or not the genes are required for muscle maintenance. This dataset will allow other researchers to identify candidate genes for more detailed study and lead to better understanding of muscle maintenance. 
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Background & Summary
Tissues in multicellular organisms are organized into highly ordered, three-dimensional structures that enable diverse and specific functions. Understanding the mechanisms by which tissues develop and maintain this complex architecture is a fundamental goal of cell and developmental biology. Muscles are the most common mechanism for force-generation in animals and provide an excellent model for the study of tissue maintenance as they are both highly structured and long-lived 1 . Their highly structured nature is typified by the sarcomere, the contractile apparatus that generates muscle contraction. Longevity is exemplified in vertebrates by cardiac muscles which live for decades 2 and in invertebrates by fly muscle cells which survive for the entire adult lifespan 3 . Genetic analysis of long-term muscle maintenance has been a topic of intense study due to interest in both myodegenerative diseases and ageing. Genes shown to be required for muscle maintenance have come both from studies in animal models and from cloning genes involved in human myodegeneration diseases. Two broad categories of genes have been identified for long-term muscle tissue maintenance: cytoskeletal and sarcomeric genes and muscle-repair genes. Work in the genetic model organisms C. elegans and Drosophila has been useful in highlighting the importance of several cytoskeletal components of the sarcomere in maintaining the adult musculature 3, 4 . The second category of mutations that affect muscle maintenance cause an increase in the rate of damage accumulation in muscle tissue and reveal themselves when muscle repair and renewal mechanisms are overwhelmed 3, 5 . Several previous screens have approached the topic of muscle function in depth and from several angles. The most comprehensive of these performed a genome-wide RNAi screen using the Mef2:GAL4 system to identify, and characterize with microscopic assays, 2,785 genes required for muscle function 6 . Muscle maintenance and myogenesis have been studied in Drosophila primary cell culture, although not in adult organisms 7 . Within the context of Dystrophin/Dystroglycan-related muscular dystrophies, two important genome-wide interaction screens identified key genetic pathways and specific genes that are involved in maintaining muscle integrity in dystrophic backgrounds 8, 9 . However, these studies suffered from a key limitation in the context of studying muscle maintenance: gene knockdown occurred throughout muscle development. In many cases it is likely that defects observed in developed muscle are caused by incorrect myogenesis and are only revealed in adulthood [10] [11] [12] [13] [14] [15] . Thus the main problem in studying how adult muscle structure and function is maintained is in describing function in fully formed muscles for genes whose activity is required for muscle development [16] [17] [18] . Importantly, this issue has prevented the systematic identification of genes that are required for the long-term maintenance of muscle function in the adult. We have circumvented this issue by using temporal and tissue-specific expression of RNAi constructs to limit knockdown specifically to adult flies. Given its fundamental role in muscles, we focused our analysis on the cytoskeleton. Our screen is unique as it focuses specifically on in vivo gene knockdown in adult flies. Using this approach we were able to systematically analyse the role of the cytoskeleton in Drosophila muscle maintenance. Here we present the data from our screen which identified 46 genes required to maintain muscle function in adult flies (Data Records 1 and 2; Data Citations 1 and 2).
Methods

Screen design
We performed an RNAi screen of candidate genes with a particular focus on cytoskeletal proteins. A library of RNAi construct lines was assembled that represented the fly cytoskeleton 19 . The library contained RNAi constructs targeting 238 genes. A random set were retested using additional lines so in total 271 RNAi lines were screened in the Mef2:GAL4 screen and 150 RNAi lines in the TARGET screen (Data Record 1; Data Citation 1). The genes targeted by the RNAi constructs included, but were not limited to, actins and their associated proteins; tubulins and their associated proteins; motor proteins such as myosins, kinesins and dyneins; and other cytoskeletal elements including lamins, membrane linkers and septins. Since our primary goal was to identify all the genes in our library that affected adult muscle function-even mildly-we designed a sensitive, comprehensive and robust functional screen. A key feature of our screen was its high time resolution-designed to detect subtle differences between control and knockdown conditions. A previous systematic RNAi knockdown screen in the fly assayed adult muscle function at a single time-point 7 days post-eclosion using a flight assay 6 . Our screen measured climbing ability every 3 days for 30 days after eclosion.
The screen was conducted in two phases. A preliminary screen where the RNAi construct was expressed using the Mef2:GAL4 driver 20 throughout life was designed to identify all of the constructs whose expression gave rise to phenotypes either during development or in the adult (Fig. 1a and c) . In the second phase all the RNAi constructs whose expression under the Mef2:GAL4 system resulted in a phenotype were passed to the TARGET screen (Fig. 1b and c) . The TARGET system limited RNAiconstruct expression to only the adult muscle 21 . This part of the screen specifically identified lines required for muscle maintenance rather than muscle development. In total, we carried out over 113,000 individual negative geotaxis assays. associated publications. All RNAi lines expressed short hairpin constructs under UAS control. For all TARGET experiments males from each UAS-RNAi line were crossed to females of the genotype P[tubPGAL80ts]9/FM7;;Mef2:GAL4/TM3. The F1 progeny were raised at 18°C until eclosion, at which point virgin females were collected and transferred to 29°C to induce RNAi-construct expression. For the TARGET control line, the progeny of Oregon-R males and P[tubP-GAL80ts]9/FM7;;Mef2:GAL4/TM3 females were raised and assayed at the same temperatures as the experimental line. For the Mef2:GAL4 screen, UAS-RNAi males were crossed to females with the genotype y1,w*;;P[GAL4-Mef2.R]3. As a control, Oregon-R males were crossed to y1,w*;;P[GAL4-Mef2.R] females. Flies in the Mef2:GAL4 screen were kept at 25°C throughout development and adulthood.
It is important to note several limitations inherent in the design of our screen. The screen was designed to achieve high time-resolution analysis of muscle function in Drosophila adults so as to identify Figure 1 . Design of a screen to identify cytoskeletal genes required for muscle maintenance. (a) The Mef2: GAL4 system. The Mef2:GAL4 system allows for muscle-specific expression of RNAi constructs using the GAL4/UAS system. (b) The TARGET system uses the Mef2:GAL4 system but includes a temperaturesensitive allele of the GAL4 repressor GAL80. At 18°C, RNAi-construct expression is turned off. At 29°C, the RNAi construct is expressed. To limit RNAi-mediated knockdown to adults, flies were kept at 18°C until they eclosed, at which point they were transferred to 29°C to induce RNAi expression. (c) Flowchart of two-step screening protocol. In the first part of the screen, RNAi constructs were expressed with the Mef2: GAL4 system. Lines that gave rise to phenotypes were then tested in the secondary screen using the TARGET system to assay for adult-specific defects.
www.nature.com/sdata/ both dramatic and subtle defects in muscle function. However, in achieving this goal, several compromises were necessary. First, the behavioural assay used tested only the performance of leg muscles. While other assays have been used to test flight muscle function, these assays typically result in the death of the tested flies at each time-point. Thus, it would not have been practical to perform the repeated measurements required for the sensitive analysis. However, different muscle sets have different gene expression patterns 24 . Therefore, the results of this screen should be interpreted with the caveat that only leg muscle function was tested. Secondly, we did not directly confirm mRNA transcript knockdown using qPCR. As such it is possible that some RNAi constructs caused off-target effects. This could potentially lead to false-negative or false-positive results. To address this, we tested a random selection of genes with multiple RNAi constructs in both the Mef2:GAL4 and TARGET components of the screen (see Technical Validation).
Developmental lethality
In the Mef2:GAL4 screen, the RNAi construct was expressed throughout development (Fig. 1a) . While the majority of lines tested resulted in adult viable flies, which were then assayed for climbing ability, many caused developmental lethality. We scored lethal phenotypes as either 'Embryo Lethal' or 'Pupal Lethal' depending on the stage at which development failed.
Negative geotaxis assay
The negative geotaxis assays were used to identify adult climbing defects in both the Mef2:GAL4 screen and the TARGET screen. Assays were carried out as previously described 13, 25 with modifications. Flies were collected immediately following eclosion and separated into batches of 10 in vials containing standard food media. For the climbing assay, the flies from one vial were transferred to an empty vial with a line drawn 7.5 cm from the bottom. Flies were tapped to the bottom to induce an innate climbing response. The flies were scored as a 'Success' if they climbed above the 7.5 cm line or a 'Failure' if they did not. Five technical replicates were performed to ensure an accurate reading for each vial at each timepoint. The total number of 'Success' or 'Failure' events from the 5 technical replicates was recorded as the raw data (Data Record 2; Data Citation 2). Approximately five biological replicate vials for each experimental line were tested at each time-point. Control flies with the appropriate expression system (Mef2:GAL4 or TARGET) but lacking an RNAi construct were assayed in parallel with the experimental line. Flies were assayed every three days from eclosion to 30 days post-eclosion. However, when analysing the raw data, only the time-points up to Day 21 were used as too much variability was observed in the later time-points.
Data processing and statistical analysis
The raw climbing assay data (Data Record 2; Data Citation 2) were analysed in following manner. For each experimental fly line, and the control line, the observed data represented a Success/Failure ratio for each vial as given in the Raw Data.xlsx file in Data Record 2 (see also Data Citation 2). We designed a model, based on these raw data, which predicted the odds of a fly crossing the line at any given time-point:
This approach allowed us to compare the entire set of data over the 21-day time-course instead of comparing only individual time-points. To determine the parameters of the model, the values for the x con , x exp , y con , y exp , z con and z exp coefficients in equation (1), we used the Generalized Estimating Equations (GEE) approach in the statistical analysis software 'R' 26, 27 . The GEE approach uses the observed Success/ Failure data to determine the values for the x con , x exp , y con , y exp , z con and z exp coefficients that will allow the model in equation (1) 
Which, when solved, gives the following odds value:
Odds f or bent 46253; Day 3 ¼ 3:74 ð3Þ
Thus, the predicted odds for a bent RNAi 46253 fly climbing above the experimental line at Day 3 are 3.74 to 1. Expressed as a probability this would be 3.74/4.74 or 78% (Fig. 2b) . By the same method, the control odds at this same timepoint can be calculated by replacing the x con , x exp , y con , y exp , z con and z exp values in equation (1) Thus, the predicted odds for a control fly climbing above the experimental line at Day 3 are 7.59 to 1. Expressed as a probability this would be 7.59/8.59 or 88% (Fig. 2a′ and b′) . To compare the odds calculated for both the control line and the experimental line we calculated an odds ratio (OR):
Odds Ratio ¼ odds exp odds con ð6Þ
Using the experimental odds value calculated in equations (2) and (3), and the control odds value calculated in equations (4) and (5), we can find the OR for bent 46253 RNAi construct expressing flies When equation (7) is solved, an OR of 0.49 is obtained (Fig. 2b′′) . The OR was interpreted as follows. An OR not significantly different from '1' indicates that there is no significant difference in climbing ability between the RNAi-construct-expressing line and the control line. An OR significantly lower than 1 indicates that the RNAi-construct-expressing line has a significantly lower climbing ability than the control line. The significance level used was P ≤ 0.05. The advantage of analysing our data in this way was that it allowed us to include all the data for a given RNAi knockdown line when calculating the probability for a specific time-point as the GEE approach uses the entire dataset when generating the x con , x exp , y con , y exp , z con and z exp coefficients for equation (1) . Thus, for lines with lower replicate Ns a higher statistical strength could be achieved. Furthermore, this analysis approach was optimized for data in which the decline in the odds over time is gradual so as to best fit our data. Finally, given the size of the datasets we needed to analyse the OR assessed visually, as in Figure 2 , to expedite the phenotypic classification.
Criteria for phenotypic classification
Phenotypic classifications were made as follows. For the Mef2:GAL4 screen, vials containing RNAiconstruct-expressing animals were visually inspected for developmental lethality. RNAi lines that did not progress beyond the embryonic stage were classified as 'Embryo Lethal'. Similarly, RNAi lines that did not progress beyond the pupal stage were classified as 'Pupal Lethal'. For RNAi-construct-expressing lines that survived until adulthood phenotypic classification was made based on climbing ability. This was done the same way for both the Mef2:GAL4 and TARGET screens. As described above, an odds ratio between the experimental line and control line at each time-point was calculated. These ORs were graphed and visually inspected to determine if the OR became significantly less than 1 at any time. If the OR became significantly lower than 1 for the remainder of the time-course, the fly line containing the experimental RNAi construct was classified as having a 'Climbing Defect' (Fig. 2b′′) . However, if the OR did not become less than 1, or became less than 1 but subsequently returned to being equal to or greater than 1, the experimental line was classified as 'None' (Fig. 2a′′) .
Examples of the predicted odds and OR for RNAi-construct-expressing animals that were scored as 'None' (act57B 10067R-2; Fig. 2a and a′′) or 'Climbing Defect' (bent 46253; Fig. 2b and b′′) in the TARGET screen are given in Figure 2 .
Data Records
The data produced by this screen have been deposited at two online repositories. The phenotypic, analysed data have been uploaded as structured data to GenomeRNAi. The raw data from both the negative geotaxis assays as well as the data showing which genes were tested with multiple RNAi lines were uploaded to FigShare. Links to the data depositions are provided in the Data Citations. The format and column-by-column content for both depositions are described below.
Data record 1 -phenotypic data
The structured data are contained in tables indicating the screened genes and the resulting phenotypes were deposited as structured data with GenomeRNAi (Data Citation 1). The data in GenomeRNAi are organized by phenotype. More information regarding the column headings can be found at GenomeRNAi.
File 1 -Mef2:GAL4 screen for genes required for muscle development and maintenance Gene ID. Each Drosophila gene is assigned a unique and permanent identifier: the CG number. The CG number is the best way to search this dataset or FlyBase for a gene of interest.
Gene symbol. The gene name is given as either the full name or the abbreviation as listed on FlyBase (flybase.org). Given the variability and inconsistencies in the names of Drosophila genes, the most reliable method for searching this dataset for a specific gene is by Gene ID or CG number (Column A).
Reagent ID. Each of the RNAi stock centres listed above has a unique identifier for each RNAi hairpin construct they generate and insert into the fly. These numbers enable the community to order the specific RNAi construct that we used to generate a phenotype. This is important as different RNAi constructs targeting the same gene can produce a range of phenotypes dependent on tissue, expression system and targeted sequence. We obtained the RNAi lines from three sources: the NIG-Fly Stock Centre (Kyoto, Japan; http://www.shigen.nig.ac.jp/fly/nigfly/index.jsp), the Vienna Drosophila RNAi Centre (VDRC, Vienna, Austria; http://stockcenter.vdrc.at/) and the Transgenic RNAi Project (TRiP, Boston, USA; http://www.flyrnai.org/).
Score. The score that was used to choose hits. The abbreviation 'np' indicates that the score was not provided. In our screen, it was not possible to give a single score for each line as hits were determined either by a qualitative description based on the point at which the flies died during development or on climbing ability. Furthermore, climbing ability was assayed and analysed over a 30-day time-course. 
Phenotype. As outlined above, we conducted a preliminary screen to eliminate the RNAi lines that had no effect on muscle health at any stage (Mef2:GAL4 screen). We expressed RNAi constructs under the control of Mef2, a muscle-specific promoter. Phenotypes were classified as 'Embryo Lethal', 'Pupal Lethal', 'Climbing Defect' or 'None'.
Conditions. Description of conditions under which flies were tested. This column is included to conform to the requirements of GenomeRNAi. For our screens, all lines were tested in the same manner (see Methods).
Follow up. Indicates whether or not the RNAi construct was analysed in the TARGET screen.
Comments. We obtained the RNAi lines from three sources: the NIG-Fly Stock Centre (Kyoto, Japan; http://www.shigen.nig.ac.jp/fly/nigfly/index.jsp), the Vienna Drosophila RNAi Centre (VDRC, Vienna, Austria; http://stockcenter.vdrc.at/) and the Transgenic RNAi Project (TRiP, Boston, USA; http://www.flyrnai.org/). Phenotype. RNAi lines were classified as either 'Climbing Defect' or 'None' based on the outcome of the negative geotaxis assays.
Data record 2 -raw data, duplicate line data and coefficient files
The data deposited with FigShare are formatted as three downloadable spreadsheets (Data Citation 2). The column details are given below.
File 1. raw data.xlsx
This data record contains four sheets, two containing the raw data (Mef2:GAL4 Screen and TARGET Screen) and two containing information regarding the stock centre source of each tested line (Mef2:GAL4 Stock centre Source and TARGET Stock centre Source).
The column descriptions for the raw data sheets are as follows:
Column A -gene symbol. The gene name is given as either the full name or the abbreviation as listed on FlyBase (flybase.org). Given the variability and inconsistencies in the names of Drosophila genes, the most reliable method for searching this dataset for a specific gene is by Gene ID or CG number (Column A).
Column B -gene ID. Each Drosophila gene is assigned a unique and permanent identifier: the CG number. The CG number is the best way to search this dataset or FlyBase for a gene of interest.
Column C -reagent ID. Each of the RNAi stock centres listed above has a unique identifier for each RNAi hairpin construct they generate and insert into the fly. These numbers enable the community to order the specific RNAi construct that we used to generate a phenotype. This is important as different RNAi constructs targeting the same gene can produce a range of phenotypes dependent on tissue, expression system and targeted sequence. We obtained the RNAi lines from three sources: the NIG-Fly Stock Centre (Kyoto, Japan; http://www.shigen.nig.ac.jp/fly/nigfly/index.jsp), the Vienna Drosophila RNAi Centre (VDRC, Vienna, Austria; http://stockcenter.vdrc.at) and the Transgenic RNAi Project (TRiP, Boston, USA; http://www.flyrnai.org/).
Column D -analysis ID. For the purposes of the analysis, each replicate for each RNAi construct analysed is given a unique identifier. This allows the analysis script to differentiate between biological replicates of one RNAi construct.
Column E -day. Days of RNAi-construct expression on which flies were assayed for climbing ability. If a time-point was missed no data are given for that time-point as the analysis script is not able to process non-numeric values.
Column F -flies. The number of flies tested for each replicate. If a fly escaped between time-points, which occasionally happened while flies were transferred between the assay vial and food vial, the number of flies was reduced accordingly. However, if a fly died, then the number was not changed. Dead flies are interpreted as non-climbers for the purposes of the climbing assay.
Column G -ratio. biological replicate vial at each time-point. The column descriptions for the stock centre source dataVienna, Austria; http://stockcenter.vdrc.at/) and the Transgenic RNAi Project (TRiP, Boston, USA; http://www.flyrnai.org/).
Column E -X-value. Value of coefficient 'X' as predicted by the GEE approach from experimental data for use in equation (1) .
Column F -Y-value. Value of coefficient 'Y' as predicted by the GEE approach from experimental data for use in equation (1) .
Column G -Z-value. Value of coefficient 'Z' as predicted by the GEE approach from experimental data for use in equation (1) .
Technical Validation
Validity of the screen
The methodology presented in this dataset has been validated in several ways. First, negative controls were performed to ensure that the genetic elements required to induce RNAi expression did not cause lethality or climbing defects in the absence of the RNAi. As expected, these flies were able to reach adulthood, had lifespans comparable to completely wild-type flies and had no defect in climbing ability. Secondly, multiple RNAi lines from various RNAi stock centres were analysed for a randomized selection of genes. We saw a high frequency of phenotype confirmation in both the Mef2:GAL4 screen (93%) and the TARGET screen (88%) indicating that off-target RNAi effects were not a significant issue for our screen, although the potential for false negatives or false positives should be noted (Data Record 2; Data Citation 2). The most comprehensive in vivo RNAi screen undertaken in Drosophila for muscle defects had a false-negative rate of 5% and a false-positive rate of 1.3% indicating that in vivo RNAi screening in Drosophila is a reliable method for identifying genes required for muscle function 5 . We previously tested the TARGET system to confirm its ability to restrict and induce gene expression. GFP transgene expression under the TARGET system was 11 times higher at the permissive temperature (29°C) compared to the restrictive temperature (18°C) 10 . Additionally we have previously shown that induction of RNAi in adult flies via the TARGET system causes a significant reduction in both mRNA transcript levels and protein levels 10 .
Validity of the statistical model
Linear regression analysis (Fig. 3) was performed using the predicted and observed probability values from 50 RNAi construct lines over the 21 day time-course. To demonstrate that the model we designed was able to provide an accurate analysis of our data, we tested the hypothesis that the predicted and observed probabilities fit the linear relationship y = x (Fig. 3) . That is, the predicted probability value at a given time-point is the same as the observed probability at that time-point for flies of the same genotype. Linear regression analysis of the fit gave an R 2 -value of 0.82. The null hypothesis, that the predicted and observed values did not fit the linear equation y = x, was rejected with a P-value of o0.005, thus confirming the validity of our model (Fig. 3) . 
Usage Notes
There are several potential uses for this dataset. First, it suggests candidate genes for further, more detailed analysis. Secondly, it offers the chance to compare the set of genes required for muscle development to those required for muscle maintenance (Data Record 1). The overlap or differences between the two could provide insight into the underlying mechanisms of both processes. Lastly, it could be analysed to reveal which complexes or gene-products are key to muscle maintenance. This analysis can be performed using the software package Cytoscape. Cytoscape is an open source software program that allows for complex network analysis based on user-defined parameters. The Drosophila Interaction Database (www.DroID. org), a comprehensive protein and gene interaction database, codes and supports a Cytoscape plug-in to assist in the analysis of Drosophila genomics and proteomics. By using this plug-in it is possible to organize the dataset by any number of criteria. For example, annotated terms from the Gene Ontology (www. geneontology.org) can be combined with the DroID plug-in in Cytoscape to organize the dataset by biological process, molecular function or specific roles within the cell. Cytoscape is publicly available at www.cytoscape.org. The DroID plug-in is available from http://www.droidb.org/CytoscapePluginHelp.jsp.
